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Langmuir circulations in the open ocean typically form in an environment of surface waves and
a shear current, and a mechanism which exploits these features and leads to shear-aligned longitu-
dinal vortices much like Langmuir circulations is Craik-Leibovich instability theory. This theory is
discussed in detail. The theory is first constructed in a form which accounts for both rotational and
irrotational waves in all levels of shear. This is done from the generalized Lagrangian mean equa-
tions of Andrews & McIntyre which describe an exact theory of nonlinear waves on a Lagrangian
mean flow. The instability theory is then discussed at length for both weak and strong shear, as
both arise in the ocean. In weak shear the instability is centrifugal and catalysed by the Stokes drift
without wave modulation, while in strong shear it is calalysed by the pseudomomentum with wave
modulation and is not centrifugal. Accordingly the criteria for instability in weak and strong shear
are different; both criteria are given. To accentuate the differences, the instability mechanism in
weak shear is denoted CL2, while in strong shear it is denoted CLg, for generalized Craik-Leibovich.
Recent studies of the first bifurcation to both CL2 and CLg are outlined.
1. Introduction
Mariners have for eons observed long froth-like rows on the ocean surface that more or less align
with the wind, but their cause remained a mystery until Langmuir (1938) realized they are surface
manifestations of counterrotating rolls in the water beneath. Now known as Langmuir circulations,
or LCs, their spacings range from millimeters to several hundred meters, and rule of thumb ob-
servations suggest they form in the presence of surface waves tens of minutes after the onset of
winds above 3 m s−1, often, although not always, in conjunction with wave breaking. Langmuir’s
observations further led him to believe that the rolls are largely responsible for the formation of ther-
moclines and the maintenance of mixed layers in lakes and oceans, and contemporary observations
concur.
Wind aligned rolls also form in the atmosphere with spacings as large as several kilometers, and
we refer to these as atmospheric Langmuir circulations (ALCs). LCs and ALCs are together thought
responsible for the interchange of heat, mass and momentum between the atmosphere and ocean.
From the viewpoint of next generation global change models (i.e. computer simulations of long range
planetary fluid mechanics), therefore, it is important not only to include both LCs and ALCs, but
to model them credibly, ideally using the mechanism(s) responsible for each. To this end the present
article is concerned with the prevailing theory for LCs, viz Craik-Leibovich instability theory (Craik
1977, Leibovich 1977), and our efforts to deduce whether or not it is physically realizable.
Craik-Leibovich instability theory assumes a wave mean-flow interaction, in which the waves are
spanwise independent and of small slope , while the mean shear is measured by the ratio of the
surface velocity to the wave speed, as O(s), where s ≥ 0 (see §2). Ocean LCs are thought thought to
arise predominantly in circumstances in which s = 2, so that the waves are essentially irrotational.
But observations by Smith (1992) in which LCs are noticeably absent in a consistent breeze of 8
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m s−1, but form within fifteen minutes of a sudden onset of wind to 13 m s−1, fuel the notion
(Phillips, Wu & Jahnke 1999) that ocean LCs may also originate in the strong shear (s = 0) regime.
The LCs then grow in scale as they cascade through medium (s = 1) to ultimately weak (s = 2)
shear, only to be sustained by the dominant waves (see also Phillips 2001b).
Of course Craik-Leibovich instability theory continues to apply in stronger shear (Craik 1982),
although the requirements for instability are somewhat different. Different too is the character of the
instability, which for s = 2 is centrifugal without wave modulation, while for s = 0 is not centrifugal
with wave modulation, although in both cases the instability is inviscid. The s = 2 instability is
commonly denoted CL2, while we refer to the s = 0 case as the generalized, or CLg instability; see
§3.2.
Our object here is to discuss recent work pertaining to the first bifurcation to CL2 and CLg, and
we do so in §§3, 4, 5, while various nonlinear consequences of CLg are outlined in Phillips (1998b)
and Phillips et al (1999). We begin in §2 by writing the momentum equations which describe the
generalized Craik-Leibovich instability. These were derived from the generalized Lagrangian-mean
(GLM) equations of Andrews & McIntyre (1978), a formulation which describes an exact theory of
nonlinear waves on a Lagrangian mean flow. Of specific relevance here is that GLM describes mean
vorticity kinematics in the same way instantaneous vorticity kinematics are described, rendering it
canonical as an avenue to elucidate structures like LCs (Phillips 2001a).
2. Generalized Craik Leibovich instability
Following Craik (1982), who restricted attention to inviscid flows, and Phillips (1998a), who
allowed for viscous effects, we apply the GLM formulation to a class of unidirectional shear flows
that have imposed on them, or are unstable to, small amplitude (rotational or irrotational) waves
that are independent of spanwise direction. Of particular interest is the instability of the ensuing
wave-mean interaction to longitudinal vortices. Our intent is to restrict only the slope of the waves
but remain general in regard to the level of the imposed shear. In consequence the ensuing equations
are relevant to a range of bounded and unbounded flows, but of particular interest are LCs, and the
instabilities that give rise to them, when they form beneath growing wind driven surface gravity
waves.
Consider then the interaction between a unidirectional shear flow with characteristic velocity V
and two-dimensional straightcrested waves of wavelength λ that propagate in (or opposite to) the
direction of the basic flow. The amplitude of the waves is assumed to grow from infinitesimal to
finite, but we require their slope  to satisfy  < O(1) at all times. Orbital velocities are thus
characterized by C, where C is a typical phase speed. We next suppose that the characteristic
thickness of the shear layer is L and make variables dimensionless with respect to L and C. Finally
we write V/C = O(s) and L/λ = O(β), where s ≥ 0 while β is real and of either sign. Then the level
of shear is also O(s) and in the event viscosity plays a role, the Reynolds number R ≡ LC/ν. Finally
we invoke space coordinates (x, y, z) and choose a reference frame that moves in the x-direction with
the phase speed of the waves c.
We use uppercase letters to denote quantities pertaining to the primary flow, which by design
is devoid of spanwise (y) dependence, and lower case letters otherwise, while an overbar on the
unscaled dimensionless variable denotes a streamwise average. Our unperturbed Eulerian shear
flow in [z1, z2] is then U¯(z, t) + ic = s[U, 0, 0].
Envisage now an O() wave field U˘ that interacts with itself and the primary shear flow to excite
streamwise averaged spanwise varying Eulerian velocity perturbations u˜, whose strength relative to
the primary shear flow is measured by the parameter ∆, and express the resulting flow field in GLM
variables. The outcome is the velocity associated vector field q¯ = Q¯ + q˜, which we expand as
q¯(y, z, t) = s{[Q1, 0, 2−sQ3] + ∆[q1, nq2, nq3] + ...} (n ≥ 0), (2.1)
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along with an affiliated scalar field Π as s[P(x, z, t) + ∆℘(x, y, z, t) + ...]. Note that Π includes the
pressure and that the power n can have values other than zero, as we shall see in §2.1.
The waves interact with themselves and the shear flow to produce O(2) primary fields of pseu-
domomentum P¯ and Stokes drift D¯ (for details see Phillips 2000, 2001a). Since the Eulerian and
Lagrangian mean velocity fields are related through q¯ = u¯+ d¯− p¯, we see that Q3 = D3−P3, which
explains the extra primary mean field component in (2.1) (in contrast to the primary Eulerian flow
which by design has only one component). Moreover the O(s∆) axial velocity perturbation (owing
to the interaction between the waves and mean flow) may in turn act to modulate the wave field
and produce an O(s+2∆) spanwise varying component of pseudomomentum Craik (1982). So with
no loss of generality we write p¯ or d¯ as P¯ + p˜, expand as
p¯(y, z, t) = 2{[P1, 0, P3] + s∆[p1, np2, np3 + ...]}, (2.2)
and with (2.1) substitute into the GLM equations.
2.1. Governing equations
Of interest are secondary instabilities which lead to the growth of q1 and 01 (defined below) with time
and we begin with the premise that likely instabilities occur when the component GLM equations
are coupled. Of particular interest is the case for which the wave-wave nonlinearities P¯ and D¯ have
nonzero gradients in z and are spanwise independent.
In this instance the component equations ((3.9) and (3.10) in Phillips (1998a)) are coupled via
q3∂Q1/∂z and ∂q1/∂y∂P1/∂z. To explore such coupling we require, after noting (see Craik 1982)
∆ = 1 for s = 1, 2, that n = (2− s)/2 and rescale time as τ = (s+2)/2t. Then provided β ≥ −m/2,
where m = [0, 1] for rotational and irrotational waves respectively, Phillips (1998a) obtains
∂q1
∂τ
+∆
(
q2
∂q1
∂y
+ q3
∂q1
∂z
)
+(2−s)/2D3
∂q1
∂z
+q3
∂Q1
∂z
= −(s+2)/2R−1∇2q1 +O((2−s)/2R−1) (2.3a)
and
∂01
∂τ
+ ∆
(
∂01q2
∂y
+
∂01q3
∂z
)
+ (2−s)/2
∂
∂z
(01D3) +
∂q1
∂y
∂P1
∂z
− s ∂Q1
∂z
∂p1
∂y
+s∆{∂q1
∂y
∂p1
∂z
− ∂q1
∂z
∂p1
∂y
} = −(s+2)/2R−1∇201 +O((2−s)/2R−1) (2.3b)
where
01 =
∂q3
∂y
− ∂q2
∂z
.
Note that because n varies with s it is evident from (2.1) that transverse and axial velocity per-
turbations may differ in order. Accordingly, while modulation of the primary wave field by the
secondary flow may be ignored for shear of O() or less, it plays an important role through p1 at
O(1), where a further equation must enter to complete the set (Craik 1982). That notwithstanding,
wave distortion in the y and z directions is O(3+s/2∆) and may be neglected for all s ≥ 0, allowing
us to write
∂q2
∂y
+
∂q3
∂z
= 0 and thus 01 = −∇2ψ. (2.3c)
Of course in s = 2 shear with irrotational neutral waves, P1 reduces to D1 (see §6, Andrews
& McIntyre 1978; Craik 1982), D3 = 0 and [q1, q2, q3] → [u, v, w] so that (2.3) reduce to the CL
equations of Craik & Leibovich (1976). But (2.3) and the instability take on a different character
at higher levels of shear, which we shall now discuss in detail.
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3. The role of shear
Craik (1977) further realized that the linear form of (2.3) is separable and thus that exponentially
growing solutions are admissible; he then proved they occur (when s = 2) for both homogeneous
Dirichlet and Neumann boundary conditions. The resulting s = 2 instability has come to be known
as the Craik-Leibovich type 2 or CL2 instability (Leibovich 1983). CL2 is an inviscid instability,
although the O((s+2)/2) growth rate predicted by inviscid theory will be annihilated by viscous
damping unless R ≥ O(−(s+2)/2).
3.1. Change in character of the instability with the level of shear
Craik (1982) later determined that the s = 2 instability is centrifugal and akin to the Taylor-Go¨rtler
instability, albeit in an averaged sense for an O(2) mean curvature. But Phillips (1998a) shows
that that is not the case at higher levels of shear. To see why consider the root mean square kinetic
energy K of each of the Fourier modes in the expansion of the perturbation velocity u as
u(x, t) =
∑
|m|≤M
∑
|n|≤N
ei(mα
∗x+nl∗y)Um,n(mα∗, nl∗, z, t)
so that
K(mα∗, nl∗) =
{∫ z2
z1
[U2m,n + V
2
m,n +W
2
m,n]dz
} 1
2
, (3.1)
where α∗ and l∗ are the fundamental wavenumbers in the x and y directions respectively. Then in
view of the relative magnitudes of the component velocities (see §5, Phillips 1998a) it follows that
because, for example U0,1 = O(s∆, s+1∆), then
K(0, l∗) = O(s∆, s+1∆), K(α∗, 0) = O() and K(α∗, l∗) = O(s+1∆).
Thus, in O(2) shear, the greatest kinetic energy is to be found in the α∗ and higher order modes, as
would be expected with a centrifugal instability. But because the extent of the mean flow modifica-
tion is bound by the level of shear and not by the strength of the waves, the measure ∆ may exceed
; indeed a useful estimate in the fully nonlinear state is that ∆ ≡ s+ 12 . In consequence K(0, l∗)
dominates when s = 0; and because K(0, l∗) comprises modes that are streamwise independent, this
form of the instability is not centrifugal.
3.2. Different notation at different levels of shear
To summarize, while CL2 is a centrifugal instability catalysed by the Stokes drift without wave
modulation in s = 2 shear, it is catalysed by the pseudomomentum with wave modulation and is
not centrifugal in s = 0 shear. Necessary at all levels of shear, however, are spanwise independent
gradients of the pseudomomentum and Stokes drift which act to tilt vertical vorticity streamwise.
Physically this is doubtless done by the irrotational portion of the pseudomomentum (i.e. the Stokes
drift) in s = 0 shear, but as we shall see in §5, wave modulation can severely suppress and in some
instances curtail the s = 0 instability, particularly when α ≤ O(1). In consequence not only does the
character of the instability change with s as we saw in §3.1, but so too does the criteria for instability
(see §4.1, 5.1). For this reason Phillips, Wu & Lumley (1996) introduced the notation CL2-O(s)
to distinguish the classes of instability, and this has to some degree been reflected in the literature.
But such notation is cumbersome and for simplicity and historical reasons we shall henceforth refer
to the s = 2 class as CL2, and all stronger shear classes as the generalized Craik-Leibovich, or CLg
instability.
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4. Recent calculations of CL2
In the open ocean, at least with regard to the dominant waves, shear is usually in the s = 2
regime, while its counterpart in the laboratory is more likely s = 0. That is not to say the open
ocean is devoid of s = 0 shear, in fact the range s ∈ [0, 2] is common (Melville, Shear & Veron 1998)
and, as noted in §1, it is not implausible that ocean LCs originate in the strong shear (s = 0) regime
and then grow in scale to s = 2 shear. But their aetiology notwithstanding, Smith’s lament (1992),
and Veron & Melville’s (2001) too, is the lack of calculations describing the first bifurcation to CL2
and CLg, and we should now like to outline our efforts in that direction. Of particular interest
to observationists vis a vis CL2, are the role of Prandtl and Richardson numbers and the effect of
growing waves; these are outlined below following a discussion of the instability criterion for CL2.
4.1. Criterion for instability
To occur, the CL2 instability requires the presence of a neutral wavy disturbance giving rise to
a sheared spanwise independent Stokes drift, together with pre-existing vorticity imparting an
Eulerian-mean shear in the same sense as the Stokes drift. Kinematically (an inviscid flow sub-
ject to) the CL2 instability occurs because the Stokes drift gradient causes vortex lines (which move
with the fluid) to tilt streamwise wherever the Eulerian-mean shear is laterally distorted, giving
rise to a longitudinal component of vorticity and ultimately vortices. Mathematically CL2 arises
because of the presence of the force term p¯∧∇∧ q¯ in the GLM equations; this term reduces, if the
wave field is irrotational, to d¯ ∧ ∇ ∧ u¯, which Leibovich (private communication 2001) terms the
Langmuir force.
4.1.1. The role of Prandtl and Richardson numbers
Phillips (2001b) considers the instability of a weakly sheared density stratified two dimensional
wavy flow to LCs. Of interest is the influence to CL2 of Prandtl Pr and Richardson Ri numbers
according to linear theory. The basis for the study is an initial value problem posed by Leibovich &
Paolucci (1981) in which the liquid substrate is of semi-infinite extent and the wind driven current
is permitted to grow in the presence of neutral waves. The Pr number is varied from zero to infinity,
and both stabilizing and destabilizing Ri numbers are considered; so too are monochromatic and
measured wave fields, and laminar and turbulent velocity profiles. Only the Ri = 0 results recover
the numerics of Leibovich & Paolucci, but their conclusions are otherwise correct. For stabilizing
Ri numbers, it is found in general that diminishing Pr numbers are destabilizing to LCs, and thus
that LCs can be present or absent at the same Langmuir number La provided Ri 6= 0. It is further
found that two branches of neutral curves occur for some combinations of Pr and Ri, and that
minor changes in either parameter permit the preferred spacing to switch from one branch to the
other. In consequence the preferred spanwise spacing may change from smaller than the wavelength
of the dominant waves to larger than it. Furthermore, although LCs will not form at inverse La
numbers below a global lower bound given by an energy stability analysis, the actual value of La
at onset is found to depend greatly upon local details of the wave and shear fields. Interestingly
although this global lowerbound is independent of Ri and Pr for Ri ≥ 0, that is not the case for
Ri < 0, where it approaches zero as Ri→ −∞.
4.1.2. The role of growing waves
Craik & Leibovich do not study growing waves, but as is evident from (2.3) such waves have the
greatest influence on the instability in s = 2 shear; of course CL2 remains the underlying instability
mechanism, but growing waves may influence the criterion for instability given in §4.1. Furthermore,
because D3 is temporal, the growth rate of the secondary flow will not be exponential, unless of
course the growth rates of D3 and the evolving LCs are disparate, which is the case studied.
With this in mind Phillips (2001c) considers the instability to longitudinal vortices of a temporally
evolving two dimensional weakly sheared density stratified wavy flow. Waves aligned both with the
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wind and counter to it are considered, as is the role of stratification. As before the basis for the
study is an initial value problem posed by Leibovich & Paolucci, but here it is generalized and the
current has two components: a wind driven portion owing to the wind stress applied at the free
surface and a second due to the diffusion of momentum owing to the wave amplitude squared free
surface stress condition (Longuet-Higgins 1953). The waves may grow or decay. Using the case for
neutral waves in nonstratified uniform shear for reference, it is found, in general, that growing waves
are stabilizing while decaying waves are destabilizing to the formation of LCs, although the latter
applies only for sufficiently large spanwise spacings and is subject to a globally stable lower bound.
Decaying waves in the absence of wind can also be destabilizing to LCs. When the wind is counter
to the waves, a scenario stable to CL2 in neutral waves, we find that decaying waves are unstable
to LCs. Furthermore, while growing waves are stable to the formation of LCs in the presence of
stable stratification, decaying waves are unstable in both aligned and opposed windwave conditions.
Unstable stratification on the other hand, is destabilizing to LCs for all temporal waves in both
aligned and opposed wind-wave conditions.
4.2. Comments on s = 1 shear
No wave modulation occurs in s = 1 shear, although as Craik (1982) notes and we see from §2.1,
n here equals 1/2 and the velocity components are ∆[q1, 
1
2 q2, 
1
2 q3]. This level of shear has not
to this point been studied because there is no wave modulation and the form (2.3) is unchanged
from the s = 2 case, at least for neutral waves. However there are physical differences, because
here the orbital velocities of the wave are of the same order as the surface shear flow, which may
render the waves weakly rotational. We note too that in contrast to s = 2 scaling, s = 1 scaling
more closely concurs with Weller & Price’s (1988) ocean observations, in particular their discovery
that peak downwelling velocity can vary from an order of magnitude less than the peak windward
current anomaly to be almost equal to it.
5. Recent calculations of CLg
Laboratory LCs form in the wind driven wave experiments of Melville et al (1998) and Veron &
Melville (2001). Here the shear level is s = 0 and an obvious question is whether the instability
mechanism giving rise to them is CLg? We note that to this point there is no concrete evidence
that either CL2 or CLg are physically realizable in the free surface wave context, although there is
evidence that CLg can occur in the presence of rigid boundaries (see §5.2). More to the point, if
CLg is occurring in the above experiments we are to some degree justified in using CLg and CL2 as
a metaphor to describe ocean LCs in global change models. But if the instability mechanism is not
CLg, the question becomes: what mechanism is it? The following sections outline our efforts in the
CLg area.
5.1. Criterion for instability
Craik (1982) took the first step toward determining an instability criterion for CLg by studying
uniform inviscid shear flow between rigid wave walls in the limit l2  α2, α = O(1), a parameter
range Phillips & Wu (1994) later showed numerically to be the least stable. Phillips & Shen (1996)
then considered, analytically, the instability via CLg of a more general class of flows U = ±|z|κ,
where κ is a constant, subjected to a range of neutral rotational or irrotational Rayleigh waves
whose amplitudes either diminish or diverge with αz. This led to the Craik-Phillips-Shen criterion
for instability via CLg: viz that from the reference frame of the wave, and in the direction of
increasing mean flow, the gradient of the mean flow (normalized by the mean flow) must exceed the
gradient of the wave amplitude (normalized by the wave amplitude).
Note that the gradients of the Stokes drift and shear can be in the same sense in this criterion,
but it is not a requirement (cf §4.1). Thus while s = 2 shear flows with counterflowing neutral waves
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are stable to CL2, counterflowing s = 0 shear flows may be unstable to CLg! This later situation
may explain Nepf & Monismith’s (1991) laboratory observation of LCs, which form in their s = 0
counterflow.
There are two features which lead to different instability criteria: the first is the presence (absence)
of wave modulation in s = 0 (s = 2) flows; the second is that the instability is catalysed by the
pseudomomentum in rotational wave fields and by the generalized Stokes drift in irrotational fields.
To gain further insight into the role of wave modulation, Phillips & Wu considered the presence and
(by switching it off numerically) absence of wave modulation with irrotational waves in s = 0 flow.
They found that while modulation is substantial and acts to suppress the instability for all l when
α = O(1), it diminishes with increasing α and is negligible once α  1. Since wave modulation is
caused by a sufficiently strong axial velocity perturbation, a lack of modulation means a diminution
in the axial perturbation. As is evident from (3.1), this means a change in character of the instability
from non-centrifugal to centrifugal. In essence, it means that the CLg instability encompasses, and
in appropriate circumstances contracts to, the more restrictive CL2, at least when the wave field is
irrotational and α 1!
5.1.1. Is CLg a new instability mechanism?
To this point we have determined that CLg is an inviscid noncentrifugal instability which, in
the presence of neutral waves, initially grows exponentially fast. Moreover Phillips & Shen (1996)
have shown that CLg is ubiquitous to a wide range of physically occurring bounded and unbounded
flows and, by comparison with the data of Gong, Taylor & Do¨rnbrack (1996), Phillips et al (1996)
determined that CLg is physically realizable. Such findings beg the question whether the CLg
instability has a role in the well known secondary instability observed by Orszag & Patera (1983).
Both are catalyzed by two-dimensional finite amplitude waves; both require concurrent stretching
and tilting of vortex lines that lead to longitudinal vortices which grow exponentially fast on a
convective scale; and both are ubiquitous. Indeed, Phillips (1998a) questions whether CLg and
Orszag-Patera are identical instabilities viewed from different reference frames, but was able to
conclude only that they have much in common.
5.2. Studies of O(1) shear flows between rigid wavy walls
To model turbulent boundary layer flow over small amplitude rigid wavy terrain, Phillips et al (1996)
used parallel inviscid O(1) shear interacting with O() spanwise independent neutral rotational
Rayleigh waves. Of specific interest was the instability of the flow to spanwise-periodic initially ex-
ponentially growing longitudinal vortex modes via CLg and whether it is this instability mechanism
that gives rise to longitudinal vortices evident in the experiments of Gong et al (1996). In modelling
the flow, wave and turbulence length scales were assumed sufficiently disparate to cause minimal
interaction. This allowed the primary mean velocity profile to be specified. Two profiles were cho-
sen: a power law and the logarithmic law-of-the-wall. Both primary mean flows were found to be
unstable to longitudinal vortex form in the presence of Rayleigh waves whose amplitudes diminish
with altitude. Moreover the interaction is most unstable for streamwise wavenumbers α = O(1),
the growth rate increasing with increased spanwise wavenumber.
In comparing the results with experiment, Phillips et al first show that spanwise independent
waves excited in Gong et al’s experiment depict velocity fluctuations whose amplitudes diminish
with altitude in accord with those for appropriate Rayleigh waves. Concordantly, they next show
that the longitudinal vortices depict transverse velocity components that are weaker by a factor of
 than the axial perturbation and are observed to grow at rate consistent with exponential growth.
All are key features of CLg, although the observed growth rate is not in accord with the maximal
suggested by inviscid instability theory: Rather it appears that the spanwise wavenumber takes
a value at which energy is extracted from the mean motion in an optimal volume averaged sense
while minimizing energy loss to both viscous dissipation and small scale turbulence. Finally, they
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conclude that the CLg instability mechanism is physically realizable and that the data of Gong et
al represent the first documented observations thereof.
5.3. Studies of flow fields beneath surface gravity waves
The inviscid instability of O() two-dimensional periodic flows to spanwise-periodic longitudinal
vortex modes in parallel O(1) shear flows beneath surface gravity waves was first considered by
Phillips & Wu (1994). However they exclude velocity anomalies at the surface and restrict attention
to a parameter range of α and l that renders the surface rigid. Of specific interest is whether the
spanwise distortion of the wave field feeds back to enhance or inhibit instability to longitudinal vortex
form, and whether the free surface boundary conditions for wave distortion, which are spanwise
dependent, act to give rise to a preferred spanwise spacing of the vortices. Recent unpublished
calculations, which treat the free surface boundary conditions fully for all α and l, suggest that
wave modulation acts to enhance the instability and that a preferred spanwise spacing can occur,
although it is a factor of two smaller than that observed in Melville et al ’s (1998) experiments.
6. Discussion
Craik-Leibovich instability theory, particularly when derived from GLM, provides an exact de-
scription of the formation of longitudinal vortices in a wave-mean flow environment, but we do not
as yet know whether this theory is realizable physically or whether in practise it is primarily respon-
sible for LCs, at least in the free surface context. Nevertheless, it continues to be a useful metaphor
by which to describe LCs, but with limitations: For example LCs commonly occur concurrently
with breaking waves of slope significantly larger than allowed for in the theory; and the aftermath
of wave breaking infuses the substrate with energy that likely influences the development and pos-
sibly inception of the LCs. Also, while mean shear and surface waves are ubiquitous features of all
observations of LCs, LCs are by no means ubiquitous features of all mean shear wave interactions:
Indeed, LCs form in Melville et al ’s (1998) temporal wind wave experiments, but are not evident in
the spatial wind wave experiments of Caulliez, Ricci & Dupont (1998). Why? Is wave modulation
sufficently fierce in the latter to annihilate any structure that is formed, or are there ingredients
theorists have so far missed? Again, future work should address not just the temporal problem but
the spatial problem as well. Finally, in analysing LCs, we should always bear in mind a comment
from the great oceanographer Henri Stommel, who mused that “it would be naive to think there is
only one mechanism responsible for all observed Langmuir circulations”.
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